Gonadotropin-releasing hormone (GnRH) binds to pituitary gonadotroph receptors and initiates [Ca 2+ ] i signals and gonadotropin secretion. Here, we recorded GnRH-induced Ca 2+ signals in acute pituitary slices from both intact and castrated male mice 15 and 45 days after orchiectomy (GnX). Cells responding with ''noncanonical'' sequences of Ca 2+ signaling to increasing GnRH concentrations ([GnRH]; oscillatory responses at a given [GnRH] and transient responses at both lower and higher concentrations) were augmented significantly in the castrated mice. Also, 15 days after GnX the number and size of gonadotrophs were augmented, confirming earlier anatomical studies. Hypertrophied gonadotrophs after 15 days after GnX tended to display GnRH-induced Ca 2+ responses of greater amplitude. Furthermore, median effective dose (ED50) for GnRH decreased from 0.17 nM (control) to ;0.07 nM after GnX, suggesting increased GnRH responsiveness of the gonadotroph population. The progression of Ca 2+ response patterns reported in control male rat gonadotrophs (oscillations declining and spike-plateau responses dominating at increasing [GnRH]) was less conspicuous in mouse gonadotrophs in situ. Also, GnX-induced alterations in rat gonadotrophs (persistence of Ca 2+ oscillations even at [GnRH] .100 nM) were not mirrored by mouse gonadotrophs in situ. Contrary to observations in intact and 15-day castrated mice, after 45 days of GnX the hump component diminished and oscillations were augmented with increasing [GnRH], but Ca 2+ response patterns of gonadotrophs in situ remained virtually unchanged in response to [GnRH]s .1 nM, suggesting dose discrimination failure at high [GnRH]s. This study underscores the notion that GnRH responsiveness and the effects of testosterone deficiency may not be equal in pituitary gonadotrophs across species.
INTRODUCTION
Pituitary gonadotrophs synthesize and secrete two gonadotropins, luteinizing and follicle-stimulating hormones (LH and FSH), in response to gonadotropin-releasing hormone (GnRH), a decapeptide that is synthesized in the hypothalamus, stored in axon terminals in the median eminence, and released into the hypophyseal portal circulation. Pituitary gonadotroph function is also regulated by gonadal factors [1] . Normal gametogenesis and steroidogenesis depend on the release of hypothalamic GnRH. In male testicular growth, spermatogenesis and steroidogenesis cease in the absence of 1) pulsatile hypothalamic GnRH release and 2) adequate synthesis and secretion of LH and FSH [2] . GnRH binding to high-affinity G proteincoupled receptors (GnRH-Rs) in the gonadotroph membrane initiates several intracellular signaling events that, among other things, stimulate the release of LH and FSH [3] . Upon GnRH binding to its receptor, phospholipase Cb is activated via subunit Gq/11a, resulting in the hydrolysis of phosphatidylinositol 4,5 bisphosphate to inositol 1,4,5-trisphosphate (InsP 3 ) and diacylglycerol, leading to the mobilization of intracellular Ca 2þ pools and activation of protein kinase C, respectively [3] [4] [5] [6] [7] .
Gonadotrophs in vitro display two basic intracellular Ca 2þ signaling patterns in response to suprathreshold GnRH concentrations (i.e., those capable of generating global, intracellular Ca 2þ signals) [5, 8, 9] . At low concentrations (0.1-10 nM), GnRH produces [Ca 2þ ] i oscillations whose frequencies increase in a dose-dependent manner (oscillatory response). At higher concentrations (;50-100 nM), GnRH produces a rapid, transient [Ca 2þ ] i rise followed by a plateau phase (spike-plateau response) [8, 10, 11] . Both types of response occur via the same G protein-linked pathway. A possible correlation between Ca 2þ signaling patterns and the amount of LH released was explored in the early 1990s. Initially, spike-plateau Ca 2þ responses were related to LH secretion, whereas oscillatory Ca 2þ responses were associated with the synthesis of LH b subunits [8] . Nonetheless, other studies established that GnRH-induced Ca 2þ oscillations can trigger exocytosis [12] , and that both oscillatory and spikeplateau Ca 2þ signals can initiate LH release [9] , suggesting that exocytosis can be produced by intracellular Ca 2þ rises of any kind and not only by a specific Ca 2þ signaling pattern. It is yet to be elucidated which cellular aspects determine the precise Ca 2þ signaling patterns displayed by individual gonadotrophs in response to GnRH, and how these different patterns affect gonadotropin synthesis and secretion (see Discussion).
Most functional studies have been conducted in dissociated rat gonadotrophs in primary culture [5, 8, 9] . To what extent can these observations be extrapolated to cells from other species and in their native environment? We recently addressed this question using Ca 2þ imaging in male mouse acute pituitary slices [13] . Cells in this preparation are amenable to functional studies in their native environment [14] [15] [16] , and hundreds of cells can be concomitantly examined, allowing population sampling with single-cell resolution. We recently showed that the number of responding cells grew with increasing GnRH concentration ([GnRH]), and that in general, Ca 2þ signaling of gonadotrophs in situ resembled that recorded in primary cultures [13] . Nevertheless, many gonadotrophs under stimulation with increasing doses of GnRH exhibited a progression of Ca 2þ signaling patterns termed ''noncanonical'' (i.e., oscillatory responses at a given [GnRH] and transient responses at both lower and higher concentrations), and some of them even showed atypical (nonoscillatory) responses, regardless of the [GnRH] used. Furthermore, responses to a given dose of GnRH varied considerably from one cell to another, reflecting a range of dose-response properties in the gonadotroph population [8, 9] . On the other hand, we also found that individual gonadotroph responses to repeated applications of the same GnRH concentration were robust and invariant [13] .
Following the removal of the gonads, the population of pituitary gonadotrophs undergoes drastic functional and morphological modifications concomitantly with the large (5-to 6-fold) increase in gonadotropin secretion that characterizes this condition [17] [18] [19] [20] . These alterations result directly or indirectly from the removal of the negative feedback exerted by gonadal hormones both at the hypothalamus and at the pituitary [2, 21] . After orchiectomy (GnX), both the number and size of gonadotrophs increase [22] [23] [24] [25] [26] [27] [28] . Furthermore, the expression levels of GnRH-R messenger RNA rise [29] , as do the density of GnRH-R at the plasma membrane [20] and the peak LH plasma levels detected in response to a GnRH infusion [30] . In addition, the properties of GnRH-induced Ca 2þ signaling change (Tobin and Canny [21] ; see below). Some of these effects result from the increased hypothalamic GnRH secretion. Arimura et al. [31] demonstrated that the appearance of hypertrophic gonadotrophs can be prevented after the injection of anti-GnRH antibody, and Shiino [25] showed that the addition of GnRH into the culture medium resulted in hypertrophic gonadotrophs similar to those observed following the ablation of the gonads. Conversely, alterations of GnRHinduced Ca 2þ responses in cultured gonadotrophs from castrated male rats can be prevented by testosterone treatment but not by treatment with a GnRH antagonist [21] , suggesting that they result directly from pituitary testosterone deficiency [32] .
Tomic et al. [9] reported no significant differences in the amplitude or frequency of GnRH-induced Ca 2þ signals in gonadotrophs from ovariectomized rats. They argued that the increased number of responding cells in castrated rats suffices to explain the enhanced gonadotropin release observed [20] . Nonetheless, in such a report it was mentioned for the first time that the number of gonadotrophs showing oscillatory responses to 0.5 nM GnRH became rather high (89%) in ovariectomized rats, whereas subthreshold and biphasic responses represented only 7% and 4%, respectively. In cultured gonadotrophs, Tobin and Canny [21] first showed that the relationship between GnRH concentration and Ca 2þ signaling patterns was altered in castrated rats: most gonadotrophs from castrated rats displayed oscillatory Ca 2þ responses to a high GnRH concentration (100 nM), instead of the spike-plateau responses typically observed in intact rat cells. These alterations developed with time after castration: the number of gonadotrophs with oscillatory Ca 2þ responses to a high GnRH concentration peaked 7 days after gonadectomy [21] . These modifications of GnRH-induced Ca 2þ responses in gonadotrophs from castrated male rats were prevented by testosterone treatment [32] .
The purpose of our study was to examine how gonadectomy affects GnRH-induced Ca 2þ signaling patterns of the gonadotroph population in acute pituitary slices from male mice. Besides the obvious question: If mouse gonadotrophs in intact tissue undergo alterations similar to those reported in cultured rat gonadotrophs, we wondered how could castration, which strongly and specifically stimulates the population of gonadotrophs, affect the functional properties described for pituitary slices from intact male mice [13] ?
MATERIALS AND METHODS

Animals
Studies were performed under an institutional protocol similar to the United States Public Health Service Guide for the Care and Use of Laboratory Animals, and according to the Official Mexican Guide from the Secretary of Agriculture (SAGARPA NOM-062-Z00-1999). Animals were fed ad libitum and maintained in the institute's animal facility under constant temperature and 12L:12D cycle. Young adult BALB/c male mice (8 wk old) were bilaterally orchiectomized under anesthesia and sterile conditions, and they were killed after either 15 or 45 days after GnX (six mice per group). A group of six intact male mice of the same strain and age were used as control.
Preparation of Acute Pituitary Slices
Mice were killed by decapitation under ether anesthesia, the skull was opened, and the brain was rapidly removed. The pituitary gland was carefully dissected, cleaned under a dissecting stereomicroscope, and embedded in 3% low-melting point agarose (Invitrogen Catlab) dissolved in physiological solution at 378C (125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NHCO 3 , and 12 mM glucose, gassed with 5% CO 2 :95% O 2 , overall pH ;7.4). The agarose was hardened by immersion in ice-cold physiological solution, and the agar block with an embedded pituitary gland was glued with cyanoacrylate onto the plate of a vibrating blade microtome (Leica Microsystems CMS GmbH). Then, the slicing chamber was filled with physiological solution kept at 38C, and transverse slices 130 lm in thickness were cut using a vibrating blade microtome (Leica VT1000S). Freshly cut slices were immediately transferred to an incubation beaker containing physiological solution at room temperature and were continuously gassed (5% CO 2 :95% O 2 ) to maintain a pH near 7.4. Slices remained viable for up to 6 h after preparation.
Intracellular Ca 2þ Imaging of Living Pituitary Slices
Pituitary slices were allowed to adhere to small (10 3 10 mm) glass coverslips pretreated with 0.3% poly-L-lysine (Sigma), and one of them was placed in a small plastic well filled with 0.5 ml of physiological solution saturated with 5% CO 2 :95% O 2 and containing the cell-permeable fluorescent Ca 2þ indicator Fluo-4 AM (Molecular Probes/Invitrogen) at a final concentration of 10 lM (prepared from a 2 mM stock solution in dimethyl sulfoxide with 0.5 % Pluronic F-127; Sigma-Aldrich). Dye loading proceeded at room temperature for 30 min. Then, the slice was placed in the bottom of a Plexiglass chamber attached to the stage of microscope and continuously perfused (2 ml/ min) with gassed physiological solution at room temperature. The slice was viewed with an upright microscope (Nikon Eclipse 80i) and a water-immersion fluorescence Nikon objective (203, 0.5 N.A.). Fluo-4 was excited at 488 nm with monochromatic light (Polychrome V illumination system; TILL Photonics), and emitted fluorescence was band-passed with a Nikon B-2E/C filter set. Fluorescent images were acquired with a cooled digital chargecoupled device camera (Imago QE; TILL Photonics) under protocols written in TILL visION software 4.0. Fluo-4 fluorescence images (10-ms exposure, 300-ms interval) were acquired from a field of view centered on one of the hemilobes of the anterior pituitary gland, corresponding to a rectangle of 36 800 lm 2 (214 3 172 lm). Baseline activity was recorded for 30 sec while the slice was perfused with normal physiological solution. The perfusion was then DURÁ N-PASTÉ N ET AL.
switched to GnRH-containing (Peninsula Laboratories Inc.) physiological solution for 30 sec and then switched back to normal physiological solution. GnRH was directly applied to the recording chamber by a gravity-fed perfusion system consisting of five 5-ml syringes and a 60-ml one, each with a separated two-way valve and connected by Tygon tubing to a common entry port of the recording chamber. Control experiments showed that slice exposure to GnRH was delayed by ;12 sec, reached maximal concentration within 10 sec, lasted 30 6 2 sec at its peak, and decayed completely within 30-35 sec. This was determined by perfusing a fluorescent test solution through the image chamber (1 lM Alexa 488; Molecular Probes) and measuring with the same imaging system the increase and decrease in fluorescence as the test solution washed in and out of the chamber. A resting period of 30 min with control saline perfusion was allowed before a new GnRH concentration was applied. The relatively long interval between GnRH applications was selected to prevent desensitization or other cumulative effects of GnRH [13] . Previous studies showed that dispersed rat male pituitary cells can consistently secrete LH to repetitive administration of GnRH for up to 9 h.
Image Recording
Image sequences (10-ms exposure, 300-ms interval), here termed ''movies,'' were obtained from a given field of view before, during, and after GnRH application and were saved in TIFF format. Movies were processed and analyzed with ImageJ macros (version 1.38; National Institutes of Health). In a typical experiment, a pituitary slice was exposed to up to five GnRH concentrations ranging between 0.01 and 100 nM, during a period of nearly 4 h. Movies of approximately 4 min in duration were obtained before, during, and after bath application of GnRH. Because Fluo-4 is a single-wavelength dye, its fluorescence emission is a function of dye concentration, illumination pathway, and intracellular [Ca 2þ ]. Our experimental conditions were designed so that only fluorescence changes related to fluctuations of [Ca 2þ ] i were significant. Raw images were converted to DF images, DF ¼ Fi À F 0 , where F 0 is the fluorescent image formed by averaging the first frame of the sequence and Fi represents each ith fluorescence image of the set. No attempts were made to calculate absolute intracellular Ca 2þ concentrations from these data. Fluo-4 does not appear to penetrate deeper than 40-50 lm into the tissue. Also, underneath the slice surface it is possible to recognize one or two layers of healthy cells that have taken up the dye. This layer of healthy cells can routinely be imaged by focusing 25-30 lm below the surface. Therefore, contamination with out-of-focus fluorescence is not a significant problem in our imaging experiments [13] .
As an aid to identify cells that activate following GnRH application, ''standard deviation images'' (SD images) were obtained from movie segments of interest (SD algorithm of ImageJ: stack projection functions). In SD images, areas of high pixel values correspond to cells with large DF changes, and areas with low pixel values correspond to cells that were less active or remained silent. Pixel intensity values were color coded for illustration purposes. Regions of interest (ROIs) corresponding to cells that activated after GnRH application (SD . 5 6 0.5) were drawn on the SD image and then transferred to the DF movie stack for quantification (mean DF over each ROI over time). Using this approach, DF(t) records from tens to hundreds of individual cells can be readily obtained. A convenient way to represent this large amount of data is the multicell DF(t) plot. These plots were generated with Igor Pro 5.03 macros (Wavemetrics Inc.) written by Leon Islas, Ph.D. (available at http://canales. facmed.unam.mx/projects.html). Here, ordinates represent cell number (one cell per row), the time is represented in the abscissa, and DF values are color coded. From these plots, traces from individual cells can be extracted for analysis. Dose-response curves of the number of active cells as a function of GnRH concentration were evaluated with the power logistic function (
and ED50, minimum effective dose. Cells were counted as responding when their fluorescence signal increased by more than twice the SD of the noise at rest and between 50 and 85 sec after initiating GnRH perfusion.
Verification of Castration Effects
In all mice used in this study, seminal vesicles and ventral prostate were removed and weighed to assess the effect of the treatments on androgendependent organs (Table 1 ). The weights of these androgen-dependent organs (corrected for body weight [BW] of each animal were measured in control, 15-day castrated, and 45-day castrated mice (six mice per group).
Data Analysis
Area under the curve and number of oscillations as a function of time were obtained with custom-made MATLAB routines (MathWorks Inc.), written by engineer Manuel Alvarez (available upon request). Numerical data were plotted with Origin 6.0 (Microcal Sotware) and Igor Pro (WaveMetrics Inc.). Data sets were tested for normality (Kolmogorov-Smirnov normality test), an assumption for application of ANOVA. When the data fitted a normal distribution, we performed parametric tests (i.e., one-way ANOVA with a Tukey post hoc test or two-way ANOVA with Bonferroni vs. control group post hoc test). In Figure  4B , a Gaussian distribution function was fitted to the frequency data (amplitude, mean, and SD values obtained were compared with a Pearson test to establish significance). In Figure 4C , the same data were plotted as cumulative frequency. Because this cumulative distribution has a sigmoidal shape, our data approximate a Gaussian distribution. Data in Figure 7 are expressed in percentages. Therefore, they were analyzed using chi-square tests. Statistical analyses were performed using GraphPad Prism (GraphPad Software Inc.). A P value 0.05 was taken as the limit of significance. Final image composition was made with Adobe Illustrator (Adobe Inc.). Table 1 summarizes the results of weighting seminal vesicles and ventral prostate, corrected for the BW of the animals used in this study (see Materials and Methods). The weights of these androgen-dependent organs diminished significantly 15 and 45 days after castration (P , 0.001) compared with controls (n ¼ 6 mice per group). Results were compared by one-way ANOVA followed by Tukey multiplecomparison tests. These findings confirm that testosterone levels drop considerably after GnX [21, 33] . Figure 1 illustrates GnRH-induced Ca 2þ signals recorded simultaneously from cells in a male mouse pituitary slice. Figure 1A corresponds to the SD image (see Materials and Methods) before GnRH application. Cells that became active when 100 nM GnRH was applied to the bath were identified in the corresponding SD image (Fig. 1B) . The ROIs in the shape of each responsive cell were drawn in the SD image (Fig. 1, A and B) and used for fluorescence quantification. With this approach, dozens of individual cells can be recorded simultaneously. Most cells in Figure 1C began responding at 0.1 nM, and the remaining ones were recruited at higher GnRH concentrations. Responses of gonadotrophs designated with ROIs 1-4 in Figure 1B are plotted in Figure 1D . Notice that depending on the GnRH concentration applied, cell responses varied in latency, magnitude, duration, and signaling pattern.
RESULTS
Confirmation of Castration Effects
GnRH-Induced Intracellular Ca 2þ Signaling Recorded from Individual Gonadotrophs in the Anterior Pituitary Slice
Castration Affects the Proportion of Cells with Canonical, Noncanonical, and Atypical Ca 2þ Responses to GnRH
In our previous study [13] , we established that ;20% of responding cells in situ display ''canonical'' sequences of Ca 2þ signaling patterns (oscillations of increasing frequency at low to medium GnRH concentration, and spike-plateau at saturat- Fig. 1D] ). Because GnX strongly and specifically stimulates the population of pituitary gonadotrophs, we wondered whether this condition would alter the percentage of cells with canonical, noncanonical, and atypical Ca 2þ responses. Figure 2 compares these proportions in the gonadotroph population of intact and castrated mice at 15 and 45 days after GnX. In the intact group, the percentages of cells responding to increasing GnRH concentration with canonical, noncanonical, and atypical patterns were 37.8%, 58%, and 3.6%, respectively. These values are slightly different from those previously reported [13] , but the fraction of noncanonical responses continues to be the dominant one. These percentages changed significantly after castration: the fraction of cells with noncanonical responses increased considerably, from 58.4% 6 12.0% (intact mice) to 83% 6 3.4% and 87.5% 6 2.1% after 15 and 45 days after GnX, respectively. This increase occurred at the expense of reducing the fraction of cells responding with the canonical pattern, from 7.8% 6 13.3% (intact mice) to 14.0% 6 3.3% and 6.1% 6 2.0% after 15 and 45 days after GnX, respectively. The percentage of cells with atypical responses remained similar: 3.6% 6 2.5% (intact mice), and 2.9% 6 1.0% and 6.4% 6 3.3% after 15 and 45 days after GnX, respectively. The differences are significant between control mice and mice after 15 and 45 days after GnX, for both canonical and noncanonical responses (P , 0.05; two-way ANOVA and Bonferroni post hoc test).
The Number and Size of GnRH-Responding Cells Increase after GnX
It has been well documented that the number of LH and FSH immunoreactive cells in the pituitary increases after castration [22, 23, [25] [26] [27] [28] . This expansion of the gonadotroph population results from the stimulation of the mitotic activity in response to elevated pituitary GnRH levels [22] . Here, we wondered whether the gonadotroph hyperplasia would also become apparent using functional studies in situ. For simplicity, a saturating dose of GnRH (100 nM) was used to identify all responding cells in the field. Figure 3 , A and B, shows SD images obtained from control and castrated mice at the peak of the response, when 100 nM GnRH was bath applied to a pituitary slice. Clearly, the number of responding DURÁ N-PASTÉ N ET AL. cells was greater after GnX. Supplemental Movies S1 and S2 (all Supplemental Data are available online at www.biolreprod. org) exemplify movies acquired from Fluo-4-loaded pituitary slices from an intact mouse (Movie S1) and from a mouse 15 days after GnX (Movie S2). These movies were used to construct Figure 3 , A and B. Figure 3C compares the number of GnRH-responding cells per field of view in pituitary slices from intact and castrated male mice 15 and 45 days after GnX (n ¼ Figure 3D illustrates the number of responding cells. Notice the scale change in the ordinate of Figure 3D with respect to Figure 3C , with the number of cells responding to high K þ being .6-fold higher. The total number of cells responding to high K þ did not increase significantly after GnX. Therefore, the increased proliferation appears to be specific for the gonadotroph population. It is yet to be established why the total number of responding cells declines 45 days after GnX.
Growth of GnRH-Responding Cells after Castration
From anatomical studies, it is well known that gonadotroph volume also increases after GnX [22, 27, 28] . In fact, hypertrophic cells, characteristic of this condition, are often called ''castration cells'' [26] . In Figure 3 , A and B, several GnRH-responding cells are indicated with dotted outlines. Arrowheads in Figure 3B point to hypertrophied cells. To better assess the size increase of the gonadotroph population, 
GnRH-INDUCED Ca 2þ IN CASTRATED-MOUSE GONADOTROPHS
GnRH-responding cells were identified, their contours were drawn, and cell areas were measured using National Institutes of Health ImageJ routines (''set scale'': for conversion of pixels to microns; ''set measure'' and ''area''). Figure 4 shows the distribution histograms of cell areas obtained for the three experimental conditions (data pooled from six slices per condition, each from a different mouse). Notice that the control distribution (Fig. 3A) differs from that of castrated mice 15 and 45 days after GnX (Fig. 3 , B and C; P . 0.001). In contrast, both castrated mouse distributions are similar. The corresponding cell areas given (mean 6 SEM): intact mice, 31.3 6 0.6 lm 2 (n ¼ 358); castrated mice 15 days after GnX, 54.4 6 1.24 lm 2 (n ¼ 545); and castrated mice 45 days after GnX, 45.8 6 1.23 lm 2 (n ¼ 317). In comparison with the intact distribution, gonadotrophs were more abundant 15 days after GnX (358 intact vs. 545 castrated). Also, the castrated distribution broadened because of the appearance of large cells (.60 lm 2 ), which were virtually absent in the intact mice. As shown in Figure 4 , the intact gonadotroph size distribution can be fitted with one Gaussian (Fig. 4A) , whereas the sum of two Gaussians best fits both castrated distributions (Fig. 4 , B and C). After 15 and 45 days after GnX, the distribution main peak shifted to the right, from 30 lm 2 (intact) to 40 lm 2 (15 days after GnX) and 35 lm 2 (45 days after GnX). The peaks of the second Gaussian after 15 and 45 days after GnX were at 80 and 70 lm 2 , respectively. Figure 4D shows plots of cumulative frequency for the distributions shown in Figure 4 , A-C. This figure further demonstrates the rightward shift of the gonadotroph size distribution at 15 and 45 days after GnX, which resulted from the excess of medium-sized cells (.30 lm 2 ) and the presence of very large cells (.60 lm 2 ), which represented 2.6% of the population in intact mice but became 26% and 25% of the population after 15 and 45 days after GnX, respectively. Some of the very large cells can reach areas .100 lm 2 . The preponderance of small cells in the intact mous pituitary saturated the cumulative frequency at about 40 lm 2 , whereas the occurrence of larger cells in castrated mice pituitary caused the cumulative frequency to saturate at around 80 lm 2 . The total areas (mean 6 SEM) occupied by gonadotrophs per each 1000 lm 2 of anterior pituitary were: control, 50.5 6 6.7 lm 2 ; 15 days after GnX, 138.0 6 20.5 lm 2 ; and 45 days after GnX, 74.5 6 7.22 lm 2 . The increased gonadotroph area in pituitary slices of castrated mice resulted from the combination of increased cell number and larger individual cells.
Do Hypertrophic Gonadotrophs from Castrated Mouse Pituitary Generate Different Ca 2þ Signals in Response to GnRH?
Ultrastructural changes observed in hypertrophied gonadotrophs are characterized by enlarged endoplasmic reticulum (ER) cisternae and expanded Golgi complex [26] [27] [28] . Because the ER is largely responsible for the production of GnRHinduced intracellular Ca 2þ signals, we wondered whether hypertrophied gonadotrophs would generate Ca 2þ signals with different characteristics. The peak amplitude of the Ca 2þ transients produced by 100 nM GnRH was measured for each gonadotroph from the three conditions. Peak DF values (mean 6 SEM) obtained were: intact, 23.3 6 0.8 AU (n ¼ 358); 15 days after GnX, 26.5 6 0.6 AU (n ¼ 545); and 45 days after GnX, 20.38 6 0.44 (n ¼ 317). Differences between groups were not significant. Tomic et al. [9] also reported no significant differences in the amplitude or frequency of GnRH-induced Ca 2þ signals in gonadotrophs from ovariectomized rats.
To find out whether maximum DF could be related to gonadotroph size, this parameter was plotted against the corresponding area size, and a linear regression was fitted to the data. Figure 5 shows superimposed plots of gonadotroph size versus peak amplitude of GnRH-induced Ca 2þ transients for the three experimental conditions. As shown in Figure 5 (upper left), most gonadotrophs from intact mice were ,50 lm 2 in area and generated Ca 2þ signals smaller than 40 AU, but in two mice some of these responses exceeded this value (see yellow and light blue symbols). Linear regression for all of the data sets gave small positive slopes (mean slope ¼ 0.13) and regression coefficients ranging from 0.0723 to 0.567 (mean r ¼ 0.098; n ¼ 6). This indicates that peak Ca 2þ amplitude was poorly correlated with cell size in intact mouse gonadotrophs (P ¼ 0.06). Figure 5 (upper right) illustrates that gonadotrophs from 15-day castrated mice comprised at least two populations: medium and large cells (see Figure 4, C and D) . In three such mice, peak Ca 2þ signals smaller than ;40 AU were detected, but in the remaining three mice some peak responses clearly exceeded this value (yellow, dark blue, and pink symbols). A large interindividual variation (in this case, peak responses to GnRH) was a characteristic of male mouse pituitary (see subsection below on recruitment of GnRH-responding cells). Linear regressions for the data sets gave positive slopes (mean slope ¼ 0.125) and regression coefficients ranging from 0.034 to 0.878 (mean r ¼ 0.256; n ¼ 6). These results suggest that 15 days after GnX, mouse gonadotrophs are similar to intact mouse gonadotrophs in that they can generate both large and small Ca 2þ signals. In addition, peak Ca 2þ amplitude computed for the pooled data was significantly correlated with cell size (P ¼ 1.1 3 10 À9 ) (i.e., hypertrophied gonadotrophs tended to generate Ca 2þ signals of greater amplitude). (lower center) illustrates data from 15-day castrated mouse gonadotrophs. Linear regressions for these data sets gave mostly negative slopes (mean slope ¼ À0.043) and regression coefficients ranging from À0.45 to 0.72 (mean r ¼ À0.12; n ¼ 6). Thus, it appears that 45 days after castration, mice gonadotrophs no longer generated large Ca 2þ signals, and peak Ca 2þ signal amplitude was not significantly correlated with cell size (P ¼ 0.035). These results suggest that in castrated mice after 15 days after GnX, peak amplitude of Ca 2þ signals correlated with cell size, and that hypertrophied gonadotrophs tended to produce stronger GnRH-induced Ca 2þ signals. No obvious relationship was found between gonadotroph size and other aspects of Ca 2þ signaling, such as canonical versus noncanonical Ca 2þ response patterns, frequency of oscillations, Ca 2þ response components, order of recruitment, etc.
Recruitment of GnRH-Responding Cells as a Function of GnRH Concentration in Control and Castrated Mice
As previously demonstrated, the number of GnRH-responding cells increases gradually at increasing GnRH concentrations [13] . By measuring for each pituitary slice the number of responding cells as a function of log [GnRH], a dose-response curve of the gonadotroph population can be obtained. Slices from control intact and castrated mice 15 and 45 days after GnX were challenged with five GnRH concentrations in the range of 0.01 to 100 nM. The number of responding cells at each GnRH concentration was normalized, and a doseresponse curve was fitted to each data set (data not shown). Fitting dose-response curves to the data from six control slices gave a mean ED50 ¼ 0.174 nM. This value is similar to that previously reported [13] for intact mice (0.39 nM). Doseresponse curves obtained from castrated mouse slices gave mean ED50 values of 0.069 and 0.064 nM (15 and 45 days, respectively; n ¼ 6). The ;2.6-fold difference of ED50 between control and castrated mice suggests a slight increase in responsiveness to GnRH in the gonadotroph population. These differences are not statistically significant (P ¼ 0.74; one-way ANOVA, post hoc Tukey multiple-comparison test), probably because of the large interindividual variance previously reported in the male mouse pituitary [13] .
An Attempt to Quantify Components of the GnRH-Induced Ca 2þ Responses of Pituitary Gonadotrophs In Situ
To compare GnRH-induced Ca 2þ responses and to evaluate the effects of different physiological and nonphysiological conditions, we developed the semiquantitative method represented in Figure 6 . Instead of visualizing a cell as exhibiting a certain response, we imagined three possible response components coexisting in any cell: oscillation, plateau, and hump (given the values of A, B, and C, respectively). Each component could take a value from 0 to 100, but the sum of all values must have been equal to 100. The scheme shown in Figure 6A represents a cell whose GnRH-induced Ca 2þ response was the combination of the three components in equal proportions. The corresponding A, B, and C values were 33, 33, and 33. As exemplified in Figure 6B , some cells displayed ''pure'' responses. For instance, the Ca 2þ response of cell 6B1 was ''pure oscillatory'' (i.e., A, B, and C values were 100, 0, and 0, respectively), the response of cell 6B2 was ''pure plateau'' (A, B, and C values were 0, 100, and 0, respectively), and the response of cell 6B3 was ''pure hump'' (A, B, and C values were 0, 0, and 100, respectively). More typically, Ca 2þ responses contained a given amount of each component. Figure  6C Figure 7A illustrates the fraction of each component present in intact mice gonadotrophs at five different GnRH concentrations. The height of each bar represents the percentage of oscillation (red), plateau (blue), and hump (green) components that characterized Ca 2þ responses of the gonadotroph population at each [GnRH] . At 0.01 nM GnRH the percentage of oscillatory component was 48%, with plateau and hump components contributing 22% and 29%, respectively. These percentages remained fairly constant at 0.1 and 1 nM, but at higher [GnRH] the oscillatory component diminished and the contribution of the hump component increased. At 100 nM, oscillations fell to 24%, whereas the hump component grew to 53% (P , 0.05 compared with 0.01 nM). This behavior of intact mice gonadotrophs in situ resembles the progression of Ca 2þ responses to increasing [GnRH] observed in cultured normal rat gonadotrophs [5, 9, 21] .
GnRH-INDUCED Ca 2þ IN CASTRATED-MOUSE GONADOTROPHS
Ca 2þ response patterns recorded 15 days after GnX are presented in Figure 7B . Remarkably, the oscillatory component at 0.01 GnRH was relatively high in GnX gonadotrophs (61%) compared with control gonadotrophs (48%; P , 0.05). As GnRH concentration increased, the oscillatory component diminished gradually, reaching 32% at 100 nM GnRH. Concomitantly, the hump component increased from 29% at 0.01 nM to 49% at 100 nM GnRH (P , 0.05). Notably, the progression of Ca 2þ component contribution at increasing [GnRH] was similar between control and 15-day castrated mouse gonadotrophs. In particular, the hump component represented ;50% of the response at high [GnRH] both in control and 15-day castrated mice. Figure 7C summarizes Ca 2þ response patterns of gonadotrophs at 45 days after GnX. Here, Ca 2þ response patterns differed in several aspects from that observed in intact and 15 days after GnX gonadotrophs: 1) The oscillatory component at 0.01 nM GnRH was quite small (26%) and the hump component was significantly larger (64%) compared with intact mice and 15-day castrated mouse gonadotrophs (P , 0.05). 2) In the range between 0.01 and 1 nM GnRH, the hump component diminished (P , 0.05), whereas the oscillatory component increased slightly. This behavior is the opposite of that observed in gonadotrophs from control and 15-day castrated mice. 3) Nonetheless, at 100 nM GnRH the fractions of oscillatory and hump components (37% and 48%, respectively) were similar to those of control and 15-day castrated mice. 4) Interestingly, the percentages of Ca 2þ response components of 45-day castrated mouse gonadotrophs did not change appreciably at [GnRH] in the range between 1 and 100 nM.
DISCUSSION
GnRH-Induced Ca 2þ Signaling in Mouse Pituitary Gonadotrophs
Ca 2þ imaging in acute mouse pituitary slices revealed Ca 2þ signaling patterns unique to gonadotrophs in situ [13] : for example, only about a third of the mouse gonadotrophs responded to increasing GnRH concentrations with ''canonical,'' orderly behavior, and the remaining cells exhibited ''noncanonical'' dose-response patterns (oscillatory responses at a given GnRH concentration and nonoscillatory, transient responses at both lower and higher concentrations) and ''atypical'' (nonoscillatory) responses (58% and 3.6%, respectively). Interestingly, noncanonical response patterns increased to 80% after GnX. We have speculated [13] that the deviation from the ''canonical'' behavior in gonadotrophs in situ could originate from variations in GnRH responsiveness, possibly due to paracrine interactions within the gland. The relevant question here is: What are the expected consequences of noncanonical Ca 2þ signaling patterns becoming dominant among the gonadotroph population? It has been suggested the spike-plateau pattern favors gonadotropin secretion [1, 8] ; therefore, the fact that gonadotrophs tend to generate spikeplateau Ca 2þ signals at low or intermediate GnRH concentrations and not only at high concentrations could promote gonadotropin secretion, perhaps contributing to the increased levels observed in castrated mice [20] .
Castration-Induced Proliferation of GnRH-Responding Cells
Anatomical studies have reported that GnX increases the number of pituitary gonadotrophs [22, 28] . In one example, LHb-reactive cells doubled after castration [28] . As our study shows, the number of GnRH-responding cells increased 1.7-fold at 15 days after GnX compared with intact mice. This expansion was not significant 45 days after GnX. The latter observation differs from anatomical reports showing that the number of LHb-reactive cells remains elevated 3 mo after castration [28] . This disparity, however, may not be relevant. First, species difference (rat vs. mouse) could be significant. Also, measuring methods (LHb immunoreactivity vs. GnRH responsiveness using Ca 2þ imaging) were quite different. In addition, LHb immunoreactivity and GnRH-induced Ca 2þ responsiveness could not be correlated. Moreover, one must keep in mind that GnRH responsiveness requires an adequate density of GnRH-Rs and functioning Ca 2þ signaling machinery. Contrary to rat pituitary, where GnRH-R density increases after GnX, in mouse pituitary the density of GnRH-Rs decreases by about 50% after GnX [20] . The diminished number of GnRH-Rs in mouse gonadotrophs could explain the reduced number of GnRH-responding cells 45 days after GnX. The expansion of the gonadotroph population after GnX could be due to 1) mitotic division of mature gonadotrophs, 2) differentiation of immature cells into gonadotrophs, and 3) transdifferentiation of mature pituitary cells from another lineage into gonadotrophs [34] . Previous anatomical studies suggest that the first possibility is more likely [28] .
Castration-Induced Growth of GnRH-Responding Cells
Anatomical reports also indicate that gonadotroph size increases after GnX [22, [26] [27] [28] . According to one report, gonadotroph volume increases by more than 6-fold 3 mo after castration [28] . As revealed by our Ca 2þ imaging study, the size distribution of gonadotrophs shifts to the right after GnX. This agrees with earlier reports showing that small cells almost disappear, and nearly all medium-size gonadotrophs undergo hypertrophy [28] . Does the rightward shift of the size distribution result from indiscriminate gonadotroph growth? This does not appear to be the case: Increasing the cell area of all control cells by 20 lm 2 (roughly the mean size increase of gonadotrophs in castrated mice) did not reproduce the castrated cell size distribution (data not shown). It would be interesting to determine whether large cells (.60 lm 2 ) are newly born (i.e., resulting from gonadotroph mitosis) or whether they correspond to preexisting, enlarged gonadotrophs. Gonadotroph hypertrophy after castration can be prevented by injection of antiGnRH antibody [31] , suggesting that it results from the elevated levels of pituitary GnRH.
The ER of hypertrophied gonadotrophs shows signs of hyperactivity [26] [27] [28] , possibly related to the increased synthesis of gonadotropins [17] [18] [19] [20] . The consequences of ER enlargement are unclear, because the ER can serve both as a sink and a source for intracellular Ca 2þ [35] . Nonetheless, our study demonstrates that at least in some mice, hypertrophied gonadotrophs in situ can generate GnRH-induced Ca 2þ signals of greater peak amplitude. This remarkable finding (possibly one of the reasons why gonadotropin secretion increases after castration) could have several interpretations: 1) a higher density of membrane GnRH-Rs, leading to a greater InsP 3 production; 2) a stronger Ca 2þ mobilization from intracellular pools, resulting from a higher IP 3 R density; or 3) a greater Ca 2þ content in the enlarged ER. It has been reported that addition of GnRH into the culture medium results in gonadotroph hypertrophy [25] . Thus, it should be possible to expose cultured pituitary cells to GnRH and characterize GnRH-induced Ca 2þ responses from hypertrophied gonadotrophs. Under these conditions it would be relatively easy to test at least some of the above-mentioned possibilities.
Components of the GnRH-Induced Ca 2þ Response in Pituitary Gonadotrophs In Situ
Attempting to understand GnRH-induced Ca 2þ responses in relationship with GnRH concentration, the question of how Ca 2þ signaling patterns regulate gonadotropin secretion has emerged repeatedly. The consensus is that gonadotropin secretion in gonadotrophs can be triggered by intracellular Ca 2þ rises of sufficient magnitude, without a ''privileged'' Ca 2þ signaling pattern. Ca 2þ responses to increasing GnRH concentrations recognized in cultured gonadotrophs include: 1) subthreshold, 2) baseline spiking (oscillatory), and 3) biphasic [8, 9] . The latter comprises two variants: biphasic oscillatory and biphasic nonoscillatory (spike-plateau) [1] . The percentage of cells showing these responses at a given GnRH concentration differs during development, along the estrous cycle, and after ovariectomy [9] . It is yet to be clarified which cellular aspects determine the Ca 2þ signaling patterns displayed by individual gonadotrophs in response to GnRH. Our preceding study showed that Ca 2þ responses of gonadotrophs in situ are robust: individual cells respond consistently in latency, oscillatory pattern, and duration every time the same dose of GnRH is applied [13] . The Ca 2þ response categorization as subthreshold, oscillatory, and spike-plateau (biphasic) has been criticized as too simplistic and as having significant overlap. Also, the need for further criteria to distinguish between oscillatory and biphasic has been raised [1] . Our semiquantitative approach allows a straightforward comparison of Ca 2þ recordings within individual gonadotrophs. One drawback of this method is that score values are assigned subjectively. Nonetheless, the same individual usually assigns similar score values to the same Ca 2þ records. Furthermore, our percentage code gives a reasonably good idea of what the Ca 2þ response looks like, and it is less ambiguous than the alternate classification (subthreshold, baseline-spiking, and biphasic).
Components of the GnRH-Induced Ca 2þ Responses in Intact Mice Pituitary
When gonadotrophs in situ from intact mice are exposed to the lowest GnRH concentration (0.01 nM), the oscillatory component represents 48% of the Ca 2þ response, with the hump component contributing 29%. When the highest dose of GnRH is applied, the oscillatory component diminishes (24%) and the hump component grows, but only to a modest 53%. This sequence of Ca 2þ signaling patterns resembles, but is considerably less conspicuous than that reported in cultured gonadotrophs from intact rats, where hump (spike-plateau) responses become dominant above 100 nM GnRH. The discrepancy could be due to species differences, or perhaps to the preservation of cell-to-cell interactions in the pituitary slice preparation [13] . It should be possible to conduct similar Ca 2þ imaging experiments in pituitary slices from male rats to decide between these possible explanations.
Modifications of Ca 2þ Response Components in Castrated Mice
An unexpected finding of our study is that the relative contribution of Ca 2þ response components as a function of GnRH concentration does not change considerably between GnRH-INDUCED Ca 2þ IN CASTRATED-MOUSE GONADOTROPHS intact and 15-day castrated mice. In particular, at 100 nM GnRH the hump component represented ;50% of the Ca 2þ response in both conditions. These results differ from castrated rat gonadotrophs in vitro, where, according to several reports, the majority of gonadotrophs display oscillatory rather than spike-plateau (hump) Ca 2þ responses upon exposure to 100 nM GnRH. In other words, the main changes in Ca 2þ signaling pattern reported in cultured gonadotrophs from castrated rat [21, 32] were not confirmed in castrated mice gonadotrophs in situ.
In contrast with our observations in control gonadotrophs and gonadotrophs 15 days after GnX, at 45 days after GnX the oscillatory component at 0.01 nM GnRH was rather small (26%), and the hump component was comparatively large (64%). Also, in the range from 0.01 to 1 nM the hump component diminished while the oscillatory component increased, but at 100 nM GnRH these components became similar to those of control and 15-day castrated mice. Again, the reported changes in Ca 2þ signaling patterns in cultured gonadotrophs from castrated rat [21, 32] were not observed in castrated mouse gonadotrophs after 45 days after GnX. Finally, the percentages of Ca 2þ response components of 45-day castrated mouse gonadotrophs did not change for [GnRH] in the range between 1 and 100 nM. An interpretation of the latter finding is that gonadotrophs from 45-day castrated mice respond to GnRH but fail to discriminate between 1, 10, and 100 nM [GnRH] , as if the Ca 2þ response pattern reached saturation at [GnRH] ;1 nM. We do not yet have an explanation for the differences in Ca 2þ response patterns of gonadotrophs at 15 and 45 days after GnX.
Alterations of GnRH-induced Ca 2þ responses in gonadotrophs of castrated rat males can be prevented by testosterone treatment but not by treatment with a GnRH antagonist [21] , suggesting that they result from testosterone deficiency at the pituitary level [32] . These alterations reported in castrated rat gonadotrophs were not mirrored in castrated mouse gonadotrophs in situ. One possible explanation for this discrepancy is that testosterone deficiency does not similarly affect rat and mouse pituitary gonadotrophs. Our study underscores the importance of not assuming that testosterone deficiency equally affects the functional properties of pituitary gonadotrophs across species.
